The antibiotic cerulenin markedly inhibits the growth of Escherichia coli. The effects of the antibiotic on cellular syntheses were studied by measuring the incorporation of labeled precursors into lipids and macromolecules. During the first 40 min after the addition of cerulenin to a culture of growing cells, lipid synthesis was inhibited more than 90% and ribonucleic acid and deoxyribonucleic acid synthesis about 25%, whereas protein synthesis was not affected. At later periods after cerulenin addition (1 to 2 h), the inhibition of cell growth and of lipid and protein synthesis was complete. Upon removal of cerulenin from the culture, growth was restored and lipid synthesis resumed more rapidly than did the synthesis of protein.
The antibiotic cerulenin markedly inhibits the growth of Escherichia coli. The effects of the antibiotic on cellular syntheses were studied by measuring the incorporation of labeled precursors into lipids and macromolecules. During the first 40 min after the addition of cerulenin to a culture of growing cells, lipid synthesis was inhibited more than 90% and ribonucleic acid and deoxyribonucleic acid synthesis about 25%, whereas protein synthesis was not affected. At later periods after cerulenin addition (1 to 2 h), the inhibition of cell growth and of lipid and protein synthesis was complete. Upon removal of cerulenin from the culture, growth was restored and lipid synthesis resumed more rapidly than did the synthesis of protein.
Addition of both palmitate and oleate, but not of either fatty acid alone, reversed the inhibition of growth by cerulenin. These findings support the conclusion that the antibiotic effects of cerulenin are due to a specific inhibition of fatty acid synthesis.
The coordination of protein and lipid synthesis is a problem of major interest in the study of biological membrane assembly. Various current approaches to this problem are designed to manipulate lipid synthesis and to study the resultant effects on the formation and incorporation of proteins into membranes. Important tools for such studies have been the isolation of lipid deficient mutants of bacteria which are either auxotrophic for an unsaturated fatty acid (19, 20, 23) or for glycerol (9, (13) (14) (15) and temperature-sensitive mutants (1, 3, 5, 6) .
Cerulenin, an antibiotic of the structure (2S) (3R)2,3 -epoxy -4 -oxo -7, 10 -dodecadienoylamide (16, 17 The present work demonstrates that cerulenin, when inhibiting the growth of Escherichia coli, specifically blocks lipid synthesis in this organism. This antibiotic, therefore, provides a convenient alternative to the use of mutants for studying membrane biogenesis.
MATERIALS AND METHODS
Growth of celis. E. coli K-12 (strain HB-13, a gift from M. Sinensky, Harvard University) was grown at 37 C on 0.5% glucose-salts medium (22) . Starter cultures (30 ml in 125-ml Klett flasks) were grown from slants and after 16 to 20 h, inoculations (1 to 2 ml) were made into 5 to 30 ml of medium containing 0.5% Triton X-100. E. coli K-12 strain W4680 (F-, lacZ-, str-r), obtained from B. Bachmann, Yale University, was grown at 37 C on minimal medium (8) containing glycerol (0.4%), yeast extract (0.005%), thiamine-hydrochloride (0.0005%), and Triton X-100 (0.5%). Fatty acid supplements were in the form of K+ salt solutions of oleate and palmitate (Sigma, 99% pure) in slightly alkaline aqueous ethanol (1:3 vol/ vol). Growth of cells was followed by measuring the absorbance at 420 or 620 nm.
Isotope experiments. D-Glucose-"4C (183 mCi/mmol, 3H-acetate (100 mCi/mmol), 'H-leucine (36.5 Ci/mmol), 3H-uracil (4.33 Ci/mmol), and 3H-thymidine (56 mCi/mmol) were obtained from the New England Nuclear Corp. In all cases, except for "KC-glucose, the labeled compounds were added undiluted to the growing cultures. Samples were counted in vials containing 10 20 min, and centrifuged. The resulting precipitates were dissolved in 2 ml of 0.1 N NaOH containing 0.2% sodium dodecyl sulfate, and 0.5-ml samples were taken for counting in 10 ml of 10% Bio-Solv in PPO-toluene.
The incorporation of 3H-acetate into the total protein fraction was measured in the hot, 5% trichloroacetic acid precipitates after extraction of lipids by chloroform-methanol.
Incorporation of 3H-uracil and 3H-thymidine into ribonucleic acid and deoxyribonucleic acid.
3H-uracil (50 pCi) and 3H-thymidine (20 gCi) were added to 5-ml portions of the cell suspensions. At different times samples of cells (0.5 ml) were transferred to cooled tubes containing 2 ml of medium and 1 ml of 15% trichloroacetic acid. After the addition of 1 ml of carrier cells, cells were washed twice with 4 ml of cold, 5% trichloroacetic acid. The precipitate was dissolved in 2 ml of 0.1 N NaOH containing 0.2% sodium dodecyl sulfate, and 0.5-ml samples were counted in 10 ml of 10% Bio-Solv in PPO-toluene.
Cerulenin was a gift from S. Omura, Kitasato Institute, Tokyo, Japan.
RESULTS
Inhibition of growth by cerulenin. When cerulenin was added at zero time to a suspension of E. coli HB-13 cells, growth was inhibited to a degree which depended on the concentration of the antibiotic in the growth medium ( Fig. 1) . At a final cerulenin concentration of 100 gg/ml, the rate of growth was initially decreased by about 40%, and after 2 to 3 h, growth had stopped completely.
Cerulenin inhibited more strongly when it was added late during the exponential-growth phase (Fig. 2) . Thus, when the antibiotic was added 2.25 or 5.5 h after inoculation, growth ANTIMICROB. AG. CHEMOTHER. Effect of different concentrations of cerulenin on the growth of E. coli HB-13. Cells grown for 16 h at 37 C on 0.5% glucose-salts medium were inoculated into 125-ml Klett flasks, each containing 10 ml of medium with 0.5% Triton X-100. Cerulenin (numbers in parentheses indicate ug/ml) was added at zero time.
stopped completely 1 to 1.5 h later. During this period, cell density increased only by about 15%. Cells inhibited by cerulenin for at least 2 h remained capable of growth, for growth resumed upon removal of the antibiotic by washing with fresh medium (Fig. 2) .
Cerulenin effect on synthesis of cellular constituents. The effect of cerulenin on lipid, protein, ribonucleic acid (RNA), and deoxyribonucleic acid (DNA) syntheses was studied in order to ascertain whether the antibiotic interfered specifically with any of these processes. An exponentially growing culture was transferred to fresh medium containing Triton X-100, and 2 h later cerulenin (100 Mg/ml, final concentration) and, shortly thereafter, labeled precursor were added. Cerulenin inhibited the incorporation of 3H-acetate into the total lipid fraction more than 90% as compared with the control (Fig. 3A) . During this period of time (up to 40 min), the incorporation of 3H-leucine into the total protein was not affected by the antibiotic (Fig. 3A) , whereas RNA and DNA syntheses were reduced to about 75% of the control levels ( Fig. 3B) , as calculated from the early time points when incorporation was linear. The reason why the incorporation of thymidine and uracil levels off after 15 min may be exhaustion of labeled substrate in the case of uracil and induction of thymidine phosphorylase (11, 18) in the case of thymidine. Growth that continued during the first hour after cerulenin addition, (Fig. 2) when no lipid synthesis took place, resulted in the formation of cells that were more dense than the control cells (Fig. 4) .
Resumption of syntheses after removal of cerulenin. After 1 h in the presence of cerulenin, protein synthesis and lipid synthesis were equally inhibited; i.e., more than 90% as compared with the control system (Fig. 5A, B) . Ten minutes after removal of cerulenin from the cell suspension, protein synthesis resumed at the same rate as in the control system, whereas the rate of lipid synthesis was 2.4 times greater than in cells never exposed to cerulenin (Fig. 5A, B) . If the rates of lipid and protein syntheses were measured 1.5 h after the removal of cerulenin, at which time the growth rate was again approximately equal to that of the controls (Fig. 2) , the rate of lipid synthesis was only 1.3 times the rate in the controls.
Effect of exogenous fatty acids on cerulenin inhibition. The inhibitory effects of cerulenin on growth were prevented by supplementation of cultures with a mixture of oleic and palmitic acids (Fig. 6A) . In a cerulenin-containing culture, supplemented with both oleate and palmitate, the growth rate was slower (0.53 generation/h) than in controls, but exponential growth continued for at least 5.5 h (Fig. 6A) . It should be noted that oleate and palmitate retard the growth of a normal culture, decreasing it from 1 to 0.67 generation/h (Fig. 6A) . Both oleate and palmitate were necessary for reversal of cerulenin inhibition (Fig. 6A, B) . Addition of a single fatty acid to a cerulenin-containing culture afforded one doubling of mass only, a result similar to that observed in the absence of any fatty acid supplement. Moreover, the addition of oleate alone caused slight lysis of cells (22% reduction in absorbance) after growth ceased, and addition of palmitate alone produced extensive lysis (75% reduction in absorbance). When cerulenin inhibition of growth was reversed by a combination of oleate and palmitate, virtually no incorporation of exogenous 3H-acetate into the lipid fraction of the cells occurred (Table 1) . Therefore, this reversal of the antibiotic effect by oleate and palmitate does not°2 into different cell fractions of E. coli HB-13. Exponentially growing cells were inoculated into 125-ml Klett flasks, each containing 5 ml of medium with 0.5% Triton X-100. After 2 h of incubation, cerulenin (100 ,ug/ml final concentration) was added to half of the cell suspensions. A, Five minutes after the addition of cerulenin, 9H-acetate (0, 0) or 3H-leucine (0, *) was added to the cell suspensions. B, Fifteen minutes after the addition of cerulenin, 3H-uracil (0, U) or thymidine (0, 0) were added to the cell suspensions. Samples restore endogenous fatty acid synthesis, and the possibility can be excluded that the exogenous fatty acids prevent the antibiotic from entering the cell. The reversal of cerulenin inhibition by oleate and palmitate occurred with cells grown on a glycerol medium. As shown in Fig. 1A , E. coli HB-13 when grown with glucose as the sole carbon source is also inhibited by cerulenin. However, under these conditions, inhibition by the antibiotic was not reversed by palmitate plus oleate when the fatty acids were added simultaneously with cerulenin, nor did the addition of palmitate or oleate to such cerulenintreated cultures cause cell lysis (unpublished results). A possible explanation for the different responses of cells grown on glucose and glycerol, respectively, as carbon sources may be catabolite repression by glucose of the uptake mechanisms for exogenous fatty acids and of the associated acyl-coenzyme A synthetase (10) .
DISCUSSION
Cerulenin inhibits the incorporation of acetate into the lipids of growing yeast (S. Nomura et al., Biochemistry, in press) and, as shown here, the antibiotic has the same effect on lipid synthesis in E. coli. The time course of inhibition of various biosynthetic processes indicates that in E. coli, lipid synthesis is the principal and probably the only target of cerulenin. Two other techniques for inhibiting lipid synthesis in bacteria have been described. As reported by Mindich (13) , a glycerol auxotroph of Bacillus subtilis fails to synthesize phospholipid when deprived of glycerol. Recently, Harder et al. (5) have isolated temperature-sensitive mutants of E. coli which require both saturated and unsaturated fatty acids at 37 C, but which grow normally without supplementation at 30 C.
The B. subtilis glycerol auxotroph, after restoration of glycerol to a deprived culture, rapidly resumed the synthesis of phospholipid, protein, DNA, and RNA (13) . Similarly, cerulenin inhibition is found to be readily reversible. After removal of the antibiotic by washing the cells, the synthesis of lipid and protein commenced immediately. This result is surprising in view of the irreversibility of cerulenin inhibition of in vitro fatty acid synthesis (21) .
It is clear from the data in Fig. 6 that a supplement of palmitate plus oleate will restore the growth of cerulenin-inhibited E. coli, whereas palmitate or oleate alone does not. These results are in accord with those of Harder et al. (5) showing that in the absence of endogenous fatty acid synthesis, exogenous saturated The experiments shown in Table 1 were intended to ascertain whether the relief of cerulenin inhibition by palmitate and oleate was due to utilization of the exogenous fatty acids for intracellular lipid synthesis or whether the fatty acids in the medium had prevented the entry of the inhibitory antibiotic (a fatty acid amide) into the cell. In the latter case, intracellular fatty acid synthesis from acetate might have continued. The results of Table 1 , however, clearly show that in cells exposed to cerulenin, either in the presence or absence of exogenous fatty acids, lipid synthesis from acetate is totally suppressed. In a control experiment with normal cells, a very pronounced reduction of intracellular lipid synthesis from acetate occurred when the glycerol growth medium was supplemented with palmitate and oleate. This effect may be due to feedback inhibition of intracellular lipid synthesis by exogenous fatty acids.
The ability of a given nutrient to reverse the growth inhibitory effects of an antibiotic is good, if presumptive, evidence that the antibiotic interferes with the intracellular synthesis of the substance(s) that overcomes the inhibition. As for the mode of action of cerulenin, both the earlier in vitro studies (21) and the present experiments with intact cells leave little doubt that this antibiotic blocks an essential step in the synthesis of both saturated and unsaturated fatty acids. Evidence exists for the sensitivity of condensing enzyme (,B-ketoacyl thioester synthetase of Mycobacterium phlei (21) and dketoacyl acyl carrier protein synthetase of E. coli (P. R. Vagelos, personal communication) to cerulenin inhibition and, because in E. coli a single enzyme system is responsible for the elongation of both saturated and unsaturated acyl intermediates (2), the inhibition of this step by cerulenin adequately accounts for the in vivo and in vitro effects of the antibiotic. Fig. 6A . At 2.75 h after the addition of cerulenin, 3H-acetate (100 uCi) was added to the cell suspension and incorporation of radioactivity into the lipid fraction of the cells and absorbance were measured after 15 min of incubation.
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In cerulenin-inhibited cultures, protein synthesis continues at a normal rate for at least 40 min, whereas lipid synthesis is arrested immediately. This antibiotic should, therefore, be useful for further examining whether or not the synthesis of lipids and proteins and their incorporation into the membrane are interdependent. Moreover, with the aid of the antibiotic it will be possible to modulate the lipid composition of the membrane with respect to both saturated and unsaturated fatty acids. Although the same information can, in principle, be obtained with the aid of appropriate mutants, the cerulenin technique is not subject to temperature limitations and should be especially useful with a wide range of E. coli strains, regardless of their genetic background. It has the further advantage of being applicable to diverse microorganisms or cells in which fatty acid synthesis occurs.
